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a b s t r a c t
The Drosophila heixuedian (heix) is the ortholog of human UBIAD1 gene (a.k.a TERE1). The protein product
of UBIAD1/heix has multiple enzymatic activities, including the vitamin K2 and the non-mitochondrial
CoQ10 biosynthesis. However, the expression pattern of UBIAD1/Heix during metazoan development has
not been systematically studied. In this paper, we found that loss of function of heix resulted in
pathological changes of larval hematopoietic system, including lymph gland hypertrophy, hemocyte
overproliferation and aberrant differentiation, and melanin mass formation. Overexpression of heix
cDNA under the tubulin Gal4 driver rescued the above hematopoietic defects. Interestingly, Heix was
speciﬁcally expressed in plasmatocyte/macrophage lineage in srp driven EGFP positive cells on the head
mesoderm during embryogenesis, while it was highly expressed in crystal cells in the primary lobes of
the third instar larval lymph gland. Using qRT-PCR analysis, loss of function of heix caused aberrant
activation of multiple hemocyte proliferation-related as well as immune-related pathways, including
JAK/STAT pathway, Ras/MAPK pathway, IMD pathway and Toll pathway. These data suggested that heix is
a potential melanotic tumor suppressor gene and plays a pivotal role in both hemocytes proliferation
and differentiation in Drosophila.
& 2014 Elsevier Inc. All rights reserved.
Introduction
The Drosophila heixuedian (heix) gene has been genetically
mapped between the l(2)35Fe and l(2)35Fd mutations within the
Adh region (34D–36A) on the second chromosome (Ashburner et al.,
1990). It encodes a protein bearing a high sequence identity with
human UBIAD1 protein (McGarvey et al., 2001). UBIAD1 gene, ﬁrstly
identiﬁed in SCCD (Schnyder crystalline corneal dystrophy) patients,
was found to participate in modulation of the cell cholesterol level
(Costa et al., 2009; Fredericks et al., 2011, 2013b; Orr et al., 2007). In
addition, loss of function of UBIAD1 tends to cause the progression of
certain types of cancers such as bladder carcinoma and prostate
carcinoma (McGarvey et al., 2001, 2005). Interestingly, UBIAD1/Heix
was identiﬁed as a vitamin K2 biosynthesis enzyme (Nakagawa et
al., 2010). As a mitochondrial electron carrier, v-itamin K2 could be
related to blood coagulation and Parkinson's disease (Davie et al.,
1991; Vos et al., 2012). UBIAD1 has also been reported as a non-
mitochondrial CoQ10-forming enzyme with a speciﬁc function of
antioxidant in cardiovascular system (Mugoni et al., 2013).
UBIAD1 exhibits a wide range of subcellular localization in various
cell lines. In human keratocytes, endogenous UBIAD1 protein was
colocalized with the mitochondrial marker, but not with the ER
(endoplasmic reticulum) marker (Nickerson et al., 2010). When MG-
63 cells were transfected by GFP-tagged UBIAD1 fusion proteins
(UBIAD1–GFP), the colocalization was observed with the ER marker,
but not with the Golgi marker (Nakagawa et al., 2010). Vos et al.
reported that UBIAD1/Heix was colocalized with the ATP synthase β-
subunit in the mitochondria of Drosophila S2 cells (Vos et al., 2012).
Later on, it was shown that endogenous UBIAD1 localizes on the
Golgi in human EC cells (Mugoni et al., 2013), while it is reported that
UBIAD1 is located on both Golgi and ER in human HEK293 and T24
cells (Wang et al., 2013).
As the ortholog of UBIAD1, heix was previously reported to be
related to the hematopoiesis (Ashburner et al., 1999). The
hematopoietic system plays a pivotal role in immunity for both
human and Drosophila. Genes and genetic pathways controlling
hematopoiesis are highly conserved between insects and vertebrates
(Evans et al., 2007). The Drosophila hematopoiesis, which supplies
mature circulating hemocytes, initiates in two distinct waves. The
ﬁrst population of hemocytes, originated from the procephalic
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mesoderm, is restricted to the anterior region with 70% to 80% egg
length and gives rise to two types of blood cells: plasmatocytes
(embryonic macrophages) which regulate apoptosis with the pha-
gocytic function, and crystal cells which still have unknown function
in the embryo (Holz et al., 2003; Wood and Jacinto, 2007). The
second population of hemocytes, which is restricted to the larval
development in a specialized hematopoietic organ, lymph gland, is
differentiated into three different types of hemocytes: plasmatocyte
(phagocytosis), crystal cell (melanization) and lamellocyte (with
giant and ﬂat morphology, encapsulation of parasites) (Crozatier
and Meister, 2007; Franc et al., 1996, 1999; Holz et al., 2003; Meister,
2004; Wood and Jacinto, 2007). The Drosophila lymph gland is
derived from the cardiogenic mesoderm in the thoracic mesoderm
with 50–55% egg length, and subsequently grows by cell prolifera-
tion during the larval stage (Jung et al., 2005; Tepass et al., 1994;
Wood and Jacinto, 2007). It is composed of four to six paired lobes
located along the dorsal vessel (Krzemien et al., 2007; Meister, 2004;
Wood and Jacinto, 2007). In the third instar larvae, each primary
lobe is subdivided into: (1) the medullary zone, populated by slowly
proliferating prohematocytes, (2) the cortical zone, containing
differentiating hemocytes, and (3) the Posterior Signaling Center
(PSC), which functions as a hematopoietic niche to maintain a
population of blood cell progenitors (Jung et al., 2005; Krzemien
et al., 2007; Mandal et al., 2004). Besides, the Drosophila fat body
releases antimicrobial peptides under immune challenge and has a
crucial role in the innate immunity. This function is equivalent to
that of the mammalian liver (Bulet et al., 1999; Meister et al., 2000).
In this paper, we report that Drosophila Heix is speciﬁcally highly
expressed in Srp-expressing hemocyte progenitors on headmesoderm
in embryos as well as in the crystal cells within cortical zone of the
lymph gland primary lobes in the third instar larvae. Moreover, in the
third instar larvae, Heix is partially localized to the ER of different
tissues such as lymph gland. Only a small portion of Heix appeared in
the mitochondria in fat body in the third instar larvae. Furthermore,
this protein encodes an eight-transmembrane protein and belongs to
the prenyltransferase family. Loss of function of heix results in
hemocytes overproliferation and aberrant differentiation as well as
a dramatical activation of hemocytes proliferation-related as well as
immune-related pathways such as JAK/STAT, Ras/MAPK, Toll and IMD
pathways. We showed that heix is responsible for regulating hemocyte
proliferation and differentiation. Our results provide new clues to
understand the function of UBIAD1/Heix during the developmental
process of Drosophila hematopoietic system.
Materials and methods
Drosophila stocks
In this study, two heix alleles were used; one P-element allele:
heixk11403 (Bloomington stock 11031) and one ethylmethansulfonate
(EMS) allele: heix1 (Bloomington stock 3600). In order to identify the
heix phenotype, the following deﬁciency was used: Df(2L)RA5/CyO
(Bloomington stock 6915). Three stocks contain hemocyte markers:
srp-GAL4 UAS-src.EGFP (THFC, Tsinghua Fly Center), yw lz-GAL4 UAS-
mCD8::GFP (THFC, Tsinghua Fly Center) and He-Gal4 UAS-GFP (Bloo-
mington stock 8700) were used. Otherwise, croquemort driven GFP
embryos were obtained from mating P{w[þmC]¼crq-GAL4} (Bloo-
mington stock 25041) and P{w[þmC]¼UAS-mCD8::GFP.L}LL6 (Bloo-
mington stock 5130) ﬂies. The subcellular colocalization between Heix
and endoplasmic reticulum (ER) was determined in one Drosophila
stock expressing a GFP-tagged chicken lysozymewith an endoplasmic
reticulum (ER) retention sequence under UAS control (Bloomington
stock 30906). The ﬂies carrying P{tubP-GAL4} (Bloomington stock
5138) and UAS-heix (kindly provided by Patrik Verstreken, VIB Center
for the Biology of Disease, KU Leuven) were employed for the rescue
experiment. The Sp; CyO; Mkrs; TM6B and Sm6\Tm6B balancers
were used for phenotype identiﬁcation (kindly provided by Zhaohui
Wang, Institute of Genetics and Developmental Biology, Chinese
Academy of Sciences). Fly culture and crosses were performed at
room temperature according to the standard procedures. Canton S
(Bloomington stock 1) was usually used as control.
Staining of Drosophila embryos and larval tissues
Rabbit anti-Heix polyclonal antibodies were synthesized by GL
Biochem (Shanghai, China) Ltd. In order to raise the antiserum
against the Drosophila Heix protein, one short peptide was chosen as
an antigen, representing the carboxyl-terminal domain, QIEKRFR-
NEQTMHLVPRQTAKgc. R-PE-conjugated Goat Anti-Rabbit IgG
(HþL), Fluorescein (FITC)–conjugated Afﬁnipure Goat Anti-Rabbit
IgG (HþL) and HRP Goat Anti-rabbit IgG (HþL) were purchased
from the Proteintech Group Inc (USA). DAB Horseradish Peroxidase
Color Development Kit was obtained from Zhongshan Goldenbridge
Biontechnology CO., LTD (China).
For antibody staining, Drosophila embryos were collected at 25 1C
within 0–24 h and were processed for whole-mount immunohisto-
chemistry using standard procedures (Muller and Wieschaus, 1996).
The Drosophila third instar larvaes were dissected in Phosphate
Buffered Saline (1PBS). Lymph gland with adjacent tissues were
immediately transferred into a container containing PBS and placed on
ice. Larval tissues were then ﬁxed with 4% paraformaldehyde for
15min at room temperature and washed three times with PBST. The
following Antibodies and DAPI staining were performed as described
(Jung et al., 2005; Minakhina and Steward, 2006). In addition,
MitoTracker Red CMXRos (Invitrogen) is used for mitochondrial label-
ing. The labeling procedure is according to the manufacturer's
instruction.
DAB stained larval tissues were photographed by Eclipse 80i
Microscope (Nikon). These images were processed by Adobe Photo-
Shop and the CorelDRAW. Fluorescent images of embryos and larval
tissues were captured using Olympus Confocal Laser Scanning Micro-
scope FV500. These images were then analyzed with ImageJ software
and processed using Adobe PhotoShop and CorelDRAW.
Hemocytes collection, counting and imaging
Circulating hemocytes were obtained from the Drosophila third
instar larvaes of each genotype, and were counted as previously
described (Zettervall et al., 2004). For the studies of hemocytes,
hemolymph from the third instar larvaes was bled into 8 ml of
1PBS solution on the adhesion microscope slides (CITOGLAS,
China). Hemocytes of each genotype were stained by HE Staining
Kit (Beyotime Institute of Biotechnology) according to the instruc-
tion and imaged by the Eclipse 80i Microscope (Nikon).
Real-time quantitative PCR analysis
Total RNA was extracted from the Drosophila third instar larvaes
with TRIzol reagent (Invitrogen). The cDNA was then synthesized
using the ﬁrst cDNA synthesis kit (Promega), according to the
manufacturer's instruction. Real time quantitative PCR was performed
with the double-stranded DNA dye SYBR Green (Roche) in order to
quantify the amount of gene expression. All samples were analyzed in
triplicate, and the levels of mRNAs were normalized to the control
Ef1α100E values (Elongation Factor 1 alpha100, CG1873) as previously
described (Leulier et al., 2003). The primer pair of Ef1α100E was used
according to what was described before (Ponton et al., 2011).
Information of the other primer pairs is shown in Table S1.
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Fig. 1. Hematopoietic system phenotypes of Drosophila heix mutants in the third instar larvaes. Images (20) of lymph glands in the third instar larvaes in (A) control
(Canton S), (B) heixk11403/Df, (C) heixk11403/heix1 and (D) heixk11403/Df; tubP4heix ﬂies stained with anti-Heix antibody. They show a signiﬁcant increase in the size of mutant
lymph glands. According to morphological features of the lymph gland, the areas of black dashed enclosed lines reveal the Cortical Zone (CZ) with a high Heix expression.
Primary lobes of lymph glands are labeled with 11, while secondary lobes are labeled with 21. Blue arrows indicate the melanotic spots. (E) The total circulating hemocytes
were counted from at least ﬁfteen third instar larvaes of each genotype. (F) The proportion of lamellocytes observed in total circulating hemocytes. Error bars SEM. A
signiﬁcant difference is compared to the control (t tests, *Po0.05; **Po0.01; ***Po0.001). Images (40) of circulating hemocytes labeled by HE staining kit from larvaes in
(G) control (Canton S), (H) heixk11403/Df, (I) heixk11403/heix1 and (J) heixk11403/Df; tubP4heix reveal an aberrant differentiation of lamellocytes. Black arrows indicate the
lamellocytes.
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Results
heix mutation leads to pathological changes of hematopoietic system
in Drosophila
To investigate the in vivo function of heix, we used one previously
described P-element allele, heixk11403 and an EMS allele, heix1. Most of
heixk11403/Df and heterozygous heixk11403/heix1 ﬂies produced melanotic
masses in larval or pupal stage (Fig. S 1). A few heix1/Df Drosophila
survived to the larval and pupal stage and they were smaller than
their heterozygous siblings (Fig. S 1). heixmutant larvaes presented an
enormous overgrowth of the hematopoietic organ, the lymph gland
(Fig. 1A–D). This event was coupled with a dramatical increase of
circulating hemocytes and an aberrant differentiation of lamellocytes
(Fig. 1E and J). Besides, heixk11403/Df and heixk11403/heix1 ﬂies developed
melanotic spots in different tissues especially in the lymph glands of
Drosophila third instar larvaes (Fig. 1B, C). In addition, some of the
melanized cells within the lymph glands turned to be the lamellocyte
shape (Fig. 1B and C). The size of 11 lobes (primary lobe) in heixk11403/Df
and heixk11403/heix1 mutant lymph glands was about two times and
four times larger than that in the control (Canton S) (Fig. 1A–C),
respectively. Interestingly, the size of 21 lobes (secondary lobe) in
heixk11403/Df ﬂies was about ﬁve times larger than that in the control
(Fig. 1A and B). In heixk11403/heix1 third instar larvaes, the size of 21
lobes was approximately twenty times larger than that observed in
the control (Fig. 1A and C). Thus, the relative proportion of primary
and secondary lobes (labeled 11 and 21 in the ﬁgures) was clearly
changed and all lobes were overgrown. Interestingly, according to the
morphology observed in the control and rescued ﬂies, Heix tend to be
strongly expressed in the cortical zone of the 11 lobe (Fig. 1A, D) which
contains differentiating/maturing hemocytes (Jung et al., 2005).
Moreover, it was obvious that circulating hemocytes dramatically
changed in number and morphology in heixk11403/Df and heixk11403/
heix1 mutant larvaes compared to that in the control and rescued
ﬂies (Fig. 1E–J). heixk11403/Df and heixk11403/heix1 larvaes constitutively
produced up to 2.5 and 2.7 times more circulating hemocytes per
independent larvae than that in control ﬂies (Canton S) (Fig. 1E and
F). Meanwhile, the proportion of lamellocytes in total hemocytes
was about 31% in heixk11403/Df and 45% in heixk11403/heix1 respec-
tively, while lamellocytes rarely appeared in control and rescued
ﬂies (Fig. 1F, G–J).
Phenotypes of lethality, lymph gland overgrowth, circulating
hemocytes increase and aberrant differentiation that appeared in
heixk11403/Df ﬂies were efﬁciently rescued by wild-type UAS-heix
transgene expression under the control of the ubiquitous promoter,
tubP-GAL4 (Fig. 1D, E, F and J). The majority of heix mutant ﬂies
expressing the heix transgene survived and were fertile. The size of
their lymph glands was similar to that of the wild type (Fig. 1D). The
speciﬁc expression of Heix in the cortical zone of primary lobe was
restored in rescued ﬂies (Fig. 1D). In addition, the number and
morphology of their circulating hemocytes was recovered as well
(Fig. 1E, F and J).
In summary, we showed that loss of function of heix leaded to
pathological changes within Drosophila hematopoietic system, such as
lymph gland hypertrophy, circulating hemocytes overproliferation,
increased lamellocytes differentiation as well as formation of melano-
tic mass. It is thus speculated that heix could regulate hemocytes
proliferation and differentiation.
Sequence analysis of Drosophila heix and its protein product
The open reading frame of Drosophila Heix is predicted to be a
protein of 39KD with 359 amino acids. heix gene and Heix protein
sequences were shown in Fig. S 2. In order to determine the intron-
exon structures, the coding sequence of heix was compared to the
genomic DNA (Fig. S 2). We have conﬁrmed the heix gene by
characterization of heix mutant alleles. heixk12401 P-element is found
to be inserted in the 5’ untranslated region (UTR) of heix transcript.
The second P-element-induced allele (heixk11403) also carries an inser-
tion in 5’ UTR of heix transcript (Fig. S 2). The two EMS-induced heix
alleles were sequenced and found to carry mutations that were
predicted to alter the putative Heix protein (Fig. S 2). The 91k allele
carries a six base pairs deletion, resulting in the deletion of adjacent
phenyalanine (F) and arginine (R) residues (aa 317 and 318) near the
carboxyl-terminus of the predicted protein (Fig. S 2). The heix1 (AR144)
mutation is a G to A base change in the last residue of the only intron,
and is expected to result in an aberrant splicing event (Fig. S 2).
According to the blast results of UniProt (http://www.uniprot.
org/?tab=blast), Heix protein was predicted to contain a prenyl-
transferase domain and showed a signiﬁcant identity with Aedes
aegypti 1, 4-dihydroxy-2-naphthoate octaprenyltransferase (76%),
Mus musculus UBIAD1 (60%), Homo sapiens UBIAD1 (59%) and Danio
rerio UBIAD1 (58%) (Fig. S 3). Using the TMHMM (http://www.cbs.
dtu.dk/services/TMHMM/) software, an eight-transmembrane sec-
ondary structure model of the Heix protein was predicted (Fig. 2).
Based on the ClustalW multiple alignment of Heix and its orthologs
in Aedes aegypti, Homo sapiens, Mus musculus and Danio rerio, we
highlighted conserved peptides with four or more matched sequen-
tial residues (Fig. S 3). According to the previous results (Nickerson
et al., 2010; Orr et al., 2007), among the 17 amino acid point
mutations found in SCCD patients, most of them are localized in
those conserved regions (the exception being S75F, K181R and
L188H) (Fig. 2). In addition, it is suggested that NNTR (249–252)
could be an N-glycosylation site, TAK (330–332) could be a Protein
kinase C phosphorylation site, TYFD (120–123) and TLVD (137–140)
could be Casein kinase II phosphorylation sites, GNVVNT (115–120)
and GGLSSS (183–188) could be N-myristoylation sites by the results
of Heix pattern searches in PIR (Protein Information Resource).
Spatial-temporal expression pattern of Heix protein in Drosophila
embryonic head mesoderm
Drosophila embryos were examined for Heix expression pattern
during embryogenesis. As described before, hemocytes in the
Drosophila embryo are derived from the head mesoderm in the
ﬁrst wave of hematopoiesis (Holz et al., 2003; Lebestky et al.,
2000). The hemocyte precursors are ﬁrst distinguishable by
embryonic stage 5 by the expression of GATA factor Serpent
(Srp) (Chen et al., 2013; Evans et al., 2007).
We detected Heix expression pattern in srp-GAL4/UAS-src.EGFP
embryos which can express EGFP under the control of srp promoter.
In our results, Heix was signiﬁcantly expressed in a small bunch of
srp driven EGFP positive cells within the embryonic head mesoderm
from stage 12 to stage 17 (Fig. 3). In stage 12, Heix was ﬁrst detected
in a small cluster of cells within the embryonic head mesoderm
(Fig. 3A1-7). Interestingly, during stage 13–16, Heix-expressing cells
in the procephalic mesoderm were gradually increased and
migrated out from their original niche (Fig. 3B1-7, C1-7, D1-7 and
E1-7). In stage 13, the number of cells strongly expressing Heix was
increased, and these cells appeared in the procephalic mesoderm in
a bilaterally symmetric pattern (Fig. 3B1-7). At the end of embry-
ogenesis, Heix-expressing cells turned to be reduced in stage 17
until undetectable within head mesoderm (Fig. 3F1-7).
However, srp driven EGFP positive prohemocytes give rise to
two classes of cells: plasmatocytes and crystal cells (Evans et al.,
2007; Lebestky et al., 2000). To ﬁgure out the subpopulation of
Heix-expressing hemocytes, we tested Heix expression pattern in
croquemort (crq) driven GFP embyos and lozenge (lz) driven GFP
embryos. Croquemort (Crq), a membrane protein belonging to the
CD36 superfamily, is involved in immunity and developmental
processes. This protein is expressed in Drosophila embryonic
plasmatocyte/macrophage lineage from late stage 11 (Franc et al.,
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1996). And in the Drosophila embryo, lozenge (lz) can ﬁrst be
detected in crystal cell precursors that form bilaterally within head
mesoderm (Bataille et al., 2005; Lebestky et al., 2000). Conse-
quently, Heix was localized to croquemort driven GFP cells in
procephalic mesoderm (Fig. 4A1-2, B1-2, C1-2). Magniﬁed photos
show more details of the Heix and croquemort driven GFP
colocalization during stage 16 to stage 17 (Fig. 4B3-4, C3-4).
However, we failed to detected Heix expression pattern in lozenge
(lz) driven GFP embryos (data not shown). Thus, it is deduced that
Heix is highly expressed in plasmatocyte/macrophage lineage
within the anterior Srp-expressing domain of the head mesoderm
in Drosophila embryo during stage 12 to stage 17.
Expression pattern of heix in the Drosophila third instar larval tissues
In the third instar larvae of Drosophila, the primary lobe of
lymph gland is divided into three distinct regions with differential
characteristics and function: the cortical zone (CZ), the medullary
zone (MZ) and the posterior signaling center (PSC) (Evans et al.,
2007; Jung et al., 2005). The CZ is located in the periphery of the
lymph gland primary lobe and contains differentiating hemocytes.
In contrast, the MZ is located to the medial regions of primary
lobes, near the dorsal vessel, contains prohemocytes. Cells are
loosely arranged in CZ while they are compactly arranged in MZ
(Evans et al., 2007; Jung et al., 2005).
In the primary lobes of lymph gland, crystal cells are restricted
to CZ and can be distinguished by Lz expression (Jung et al., 2005;
Lebestky et al., 2000). Based upon our results, Heix was predomi-
nantly expressed in crystal cells and restricted to CZ which were
discerned by expressing lz driven GFP (Fig. 5A1-3, B1-3 and Fig. S
4A1-3). We also tested the speciﬁcity of Heix antibody in the
lymph gland (Fig. S 4B1-3 and C1-3).
Interestingly, we found that primary lobes and secondary lobes
in heix mutant lymph glands lose their architectural structure
(Fig. 5C1-3, D1-3 and E1-3). Cells in the whole primary lobes of
heixmutant lymph gland were loosely arranged and cell nucleuses
were obviously heterogeneous (Fig. 5 D3). Moreover, cells with lz
driven GFP in the primary lobes of the lymph gland in heix mutant
are signiﬁcantly less than that in the control (Fig. 5C1-3 and D1-3).
In addition, the secondary lobes in lymph gland of heix mutant
showed a severe growth and incorrect appearance of lz driven GFP
positive cells (Fig. 5C1-3 and E1-3).
In order to identify the function of Heix in hemocytes, heix
transcript level was knocked down in srp-GAL4 UAS-SRC.EGFP/heixRNAi,
yw lz-Gal4 UAS-mCD::GFP/þ; heixRNAi/þ and heixRNAi/þ; He-Gal4
UAS-GFP/þ ﬂies. However, these ﬂies have successfully survived
and were fertile. It showed that expressing heix RNAi transgene
Fig. 2. Diagram of predicted secondary structure of Drosophila Heix. Drosophila Heix, consisted of 359 amino acids, is a potential eight α-helical transmembrane protein
according to TMHMM software (http://www.cbs.dtu.dk/services/TMHMM/). Transmembrane amino acids are indicated by red balls, while non-transmembrane amino acids
are shown with blue balls. According to the result of the ClustalW alignment in Fig. S 3, Heix amino acids in conserved peptides (labeled with red boxes in Fig. S 3) are
highlighted with yellow bias lines. The modiﬁcation sites of Heix predicted in PIR (Protein Information Resource) are shown with purple bias lines. The majority of UBIAD1
point mutations in SCCD patients occur in the conserved peptide (black arrows).
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Fig. 3. Characterization of the expression pattern of Heix in Drosophila embryos. Images of (A), (B), (C), (D), (E) and (F) show different stages of srp-GAL4/UAS-src.EGFP
embryos. Heix (Red) and hemocyte marker serpent (srp) driven EGFP (srp4EGFP, Green) are colocalized in prohemocytes on head mesoderm from stage 12 to stage 17. (1, 2,
3) represent lateral views of embryos, while (4, 5, 6) show the dorsal views of embryos. (7) represents the magniﬁed images showing that Heix is colocalized with Srp4EGFP
cells on head mesodern in different stages.
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under the control of lz-Gal4 and srp-Gal4 driver did not affect
basic morphologe of lymph gland (Fig. S 4 B1-3, C1-3 and D1-3).
However, Heix expression was not totally depressed in srp-GAL4
UAS-SRC.EGFP/heixRNAi embryos (Fig. S 5). Interestingly, we found
that the secondary lobes of the lymph gland, in which heix
transcript level is knockdown under the control of He Gal4 driver,
showed slight increase of secondary lobes and aberrant differen-
tiation of crystal cells (Fig. S 6). It indicates that loss function of
heix could leads to aberrant hemocyte proliferation and differen-
tiation. Together with the phenotype of heix mutant in Fig. 1, it
suggests that cells in heix mutant lymph gland undergo over-
proliferation and aberrant differentiation.
Subcelluar location of Heix in the third instar larval tissues
The endogenous subcellular localization of Heix in the third
instar larval tissues was studied. In lymph gland, fat body cells,
pericardial cells and cardioblasts, Heix was partially colocalized
with an ER marker, a GFP-tagged chicken lysozyme with an
endoplasmic reticulum retention sequence under UAS control
(Fig. 6). It was observed that Heix was not only expressed in the
CZ, but also appeared in MZ and the secondary lobes which mainly
contain prohemocytes (Fig. 6A1-3 and B1-3).
In addition, a small amount of Heix proteins appeared in the
mitochondria of fat body cells and pericardial cells (Fig. S 7). We
tested mitochondria in the lymph gland and fat body in heixmutants.
We found that loss of function of heix induced a mitochondria
morphological defect in lymph gland and fat body in the third instar
larvae (Fig. 7). It is in consistent with previous studies that heix
mutation results in severe mitochondria defect. Furthermore,
UBIAD1/Heix is involved in vitamin K2 biosynthesis, while vitamin
K2 acts as a mitochondrial electron carrier and is necessary to
maintain negative Ψm of mitochondria membrane and ATP produc-
tion (Vos et al., 2012). Together, these data indicate that Heix plays an
important role for mitochondria. In addition, we found that Heix was
barely colocalized with Golgi marker, a galactosyltransferase-GFP
fusion protein speciﬁcally localized to the Golgi under UAS control, in
different tissues (Fig. S 8).
Hematopoiesis and immune-related pathways (JAK/STAT, Ras/MAPK,
toll and IMD pathways) are sensitive to heix expression changes
In order to investigate immune regulatory networks affected by heix,
the qRT-PCR analysis was performed to test several genes related in
hemocyte proliferation and immune response pathways, such as the
JAK/STAT pathway (six genes), the Ras/MAPK pathway (seven genes),
the Toll pathway (seven genes) and the IMD pathway (seven genes).
These pathways were proposed to regulate hemocyte proliferation
and/or lamellocyte differentiation (Asha et al., 2003; Qiu et al., 1998).
We showed that transcript levels of several genes involved in these
pathways were dramatically changed in Drosophila heix mutants. The
transcript level of each tested gene was detected in the third instar
larvaes of the control (Canton S), heix mutant (heixk11403/Df) and the
rescued ﬂies (heixk11403/Df; tubP4heix) without speciﬁc immune chal-
lenge. qRT-PCR analysis revealed that heix mRNA level was reduced
about 84% in heix mutant in contrast to that in control (Fig. S 9), while
heix mRNA level was increased about 130 times in the rescued ﬂies
compared to that in control (Fig. S 9).
According to the results, three genes involved in the JAK/STAT
pathway: Upd3 (9.970.48, po0.001), Hop (1.670.06, po0.01), and
TotA (1.770.05, po0.001), were strongly expressed in the heixmutant
larvae (Fig. 8A). The transcript levels of three genes in the Ras/MAPK
pathway: Mkp3 (1.870.06, po0.001), Rop (1.570.09, po0.01) and
yan (1.470.09, po0.05), were slightly increased (Fig. 8B). In the Toll
pathway, ﬁve genes were signiﬁcantly upregulated in the heixk11403
mutant, namely SPE (7.270.90, po0.01), SPZ (2.970.26, po0.01), Dif
(1.870.06, po0.01), Dl (2.070.08, po0.001) and Drs (2.370.25,
po0.01) (Fig. 8C). Meanwhile, in the IMD pathway, transcriptions of
Fadd (2.770.14, po0.01) and Dpt (3.070.54, po0.05) signiﬁcantly
increased in heixk11403 mutants (Fig. 8D).
Themajor changes of these transcripts were restored in rescued ﬂies
(Fig. 8). Besides, Dpt, Drs and TotA expression, usually used as markers
for the activation of IMD, Toll and JAK/STAT pathway respectively, were
highly expressed in heixk11403 mutants, but they were dramatically
decreased by the overexpression of heix. These results suggest that heix
mutation could be responsible for an incorrect activation of these
pathways without speciﬁc immune challenge.
Fig. 4. Heix is localized to Croquemort driven GFP positive cells within head mesoderm of Drosophila embryos. These images represent a dosal view (anterior to the left). (A1,
A2) Heix and croquemort (crq) driven GFP (crq4GFP) are colocalized in prohemocytes of head mesoderm in the Drosophila embryonic stage 14 (white arrows). (B1, B2) Heix
expression level is increased in head mesoderm during the embryonic stage 16. (C1, C2) Heix and croquemort driven GFP are colocalized in prohemocytes, and continue to
dispersing from the head mesoderm in the late stage 17. The magniﬁed images of the area in white dashed frame in (B1, B2) and (C1, C2) are shown in (B3, B4) and (C3, C4)
independently. It is clear that Heix is partially colocalized with crq drvien GFP, which is a plasmatocyte marker (yellow arrows).
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Fig. 5. Heix is highly expressed in crystal cells within the cortical zone of the primary lobe in lymph gland, while lymph glands in heix mutation undergo overproliferation
and aberrant differentiation. (A, B) and (C, D, E) show lymph glands stained with Heix antibody (Red) in yw lz-GAL4 UAS-mCD8::GFP and heix mutant (lz-Gal4 UAS-mCD::GFP/
þ ; heixk11403/Df), respectively. (A1-3) lz driven GFP (lz4GFP, green) is speciﬁcally expressed in crystal cells which are restricted to cortical zone (CZ) in the primary lobe of
lymgh gland (enclosed white dash line). And Heix is predominantly localized to the crystal cells. (B1-3) represent the images of the secondary lobe. (C1-3) show that loss of
Heix leads to overproliferation and aberrant differentiation in lymph gland especially those in the secondary lobes. Enclosed white dash line indicates the primary lobes of
the lymph gland. (D1-3) are the magniﬁed images of the primary lobe (enclosed white dash line) in (C1-3) and show that lz driven GFP is rarely appeared in the primary lobe
of heix mutant lymgh gland and the arrangement of cells in the primary lobes is loose and mussy. (E1-3) are the magniﬁed images of secondary lobes in (C1-3) and mainly
indicate that there are a large number of differentiating crystal cells. Primary lobes of lymph gland are labeled with 11. Secondary lobes are labeled with 21. Nuclei were
stained with DAPI (Blue).
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Discussion
The Drosophila heix, affecting hemocytes proliferation and
differentiation, exhibit speciﬁc expression pattern in hematopoiesis
The primary phenotype of Drosophila heix mutants was hypertro-
phy of the lymph gland, overproliferation and aberrant differentiation
of hemocytes as well as deposition of melanin. We found that Heix
was speciﬁcally expressed in plasmatocyte/macrophage lineage within
srp driven EGFP positive cells on head mesoderm during
embryogenesis. In addition, it was perfectly colocalized with cells of
lz driven GFP expression in the cortical zone within the primary lobe
of the third instar larvae lymph gland. It is implied that heix could be
related to Drosophila hematopoiesis.
Similar to the medullary zone of the primary lobe, secondary
lobes also contain immature hemocytes, except in random sites of
maturation (Jung et al., 2005). However, the overgrowth of the
secondary lobes in lymph gland was more signiﬁcant than that in
the ﬁrst lobes in heix mutants. The primary lobes severely lost the
crystal cell differentiating marker (lz driven GFP) and had more
Fig. 6. Heix is partially colocalized with ER. Immunoﬂourescent images show that Heix (Red) is predominantly colocalized with ER marker (Green) in dot pattern in cells of
the primary lobe (A1-3) and the secondary lobe (B1-3) in lymph gland, fat body (C1-3), pericardial cell (D1-3) and cardioblast (E1-3). Nuclei were stained with DAPI (Blue). In
(A3), enlarged views of boxed areas in CZ (labeled with 1) and MZ (labeled with 2) in the primary lobe shown in the up-right corner independently. It is demonstrated that
Heix is predominantly colocalized with ER in both CZ and MZ. The enlarged view of boxed area in the up-right corner in (B3) reveals that Heix is also expressed in secondary
lobe and partially localized to ER. White arrows indicate colocalization spot of Heix and ER marker. Enclosed blue dash lines show the enlarged areas.
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Fig. 7. Loss of function of heix leads to mitochondrial morphological defect in the third instar larval tissues. Images of different tissues labeled with MitoTracher in control
(Canton S) (A-D) and heixk11403/Df (E-H) third instar larvaes reveal that loss of function of heix leads to mitochondrial morphological defect. Some cells (white arrows) in the
primary lobe of lymph gland show that mitochondria are dramatically decreased in heix mutant (E, F) compared to that in the control (A, B). In fat body, the pattern of
mitochondria (G, H) is totally different (yellow arrows) from that in control (C, D).
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irregular melanic cells. Thus, it is probable that in lymph gland of
heixmutant, cells within primary lobes went abnormal, while cells
within secondary lobes undergo incorrect proliferation and differ-
entiation progress prematurely. Besides, when we knocked down
Heix expression by expressing heix RNAi under the control of He
Gal4 driver, it is shown slight increase of secondary lobes and
aberrant differentiation of crystal cells. It implies that heix is a
negative regulator of hemocyte proliferation and maturation.
Loss of function of heix induces aberrant activation of crucial immune
related pathways
Our results indicate that the loss of function of heix induces
aberrant activation of four pathways, especially the JAK/STAT pathway
and Toll pathway. Other studies reported that constitutive activation of
the JAK/STAT signaling pathway has been associated with numerous
malignancies including lymphoma and leukemia (Morin-Poulard et al.,
2013; Rane and Reddy, 2002; Vainchenker and Constantinescu, 2013).
Similarly, the JAK/STAT signaling is responsible for pro-hemocytes
maintenance and lamellocytes differentiation in Drosophila (Krzemien
et al., 2007; Minakhina et al., 2011). In addition, it was shown that the
gain function of Hop leads to the overproliferation of hemocytes as
well as the differentiation of aberrant lamellocytes (Minakhina et al.,
2011). This is consistent with our results that hop expression was
signiﬁcantly upregulated in the heixk11403 mutant third instar larvaes.
Phenotypes caused by the loss of function of heixwere similar to those
presenting a gain of function in hop mutants. Meanwhile, it was
reported that the activated form of Hop interacted with Ras/MAPK
pathway, which is involved in the hemocytes proliferation (Luo et al.,
2002). Ras/MAPK pathway was positively triggered in heix mutant
larvae. This is consistent with previous results that UBIAD1/Heix is a
negative regulator of Ras/MAPK signaling (Yanzhi Xia, 2010).
Furthermore, UBIAD1/Heix is related to biosynthesis of CoQ10,
which acts as a potent antioxidant in mitochondria and lipid mem-
branes, while in Drosophila, CoQ10 can protect ﬂies to resist to bacterial
and fungal infections (Landis et al., 2004; Lartigue and Faustin, 2013).
The identiﬁed CoQ10-inducible genes in human are functionally
connected by several signaling pathways including the JAK/STAT
signaling pathway, which is abnormally activated in heix mutant
(West et al., 2011). Therefore, there could be an underlying association
between heix and JAK/STAT signaling pathway.
Moreover, two NF-κB signaling pathways are responsible for the
control of anti-microbial peptides expression in Drosophila under the
immune challenge, the Toll and IMD pathways (Kaneko and
Silverman, 2005). The Toll pathway is conserved throughout evolution
from ﬂies to human, and plays a central role in the initiation of cellular
innate immune responses (Vasselon and Detmers, 2002). In Droso-
phila, a Gram-positive bacteria or fungal infection triggers the activa-
tion of Toll pathway, which leads to the production of Anti-Microbial
Peptides (AMPs), such as Drs (Aggarwal and Silverman, 2008; Tanji et
al., 2007). Constitutive activation of the Drosophila Toll pathway leads
to lymph gland hypertrophy and hematopoietic defects including the
hemocytes overproliferation as well as aberrant lamellocytes differ-
entiation (Qiu et al., 1998; Zettervall et al., 2004). These traits are also
Fig. 8. Loss of function of heix leads to the activation of JAK/STAT, Ras/MAPK, Toll, and IMD pathways. qRT-PCR analysis used total RNA extracted from control (Canton S),
heixk11403/Df and heixk11403/Df; tubP4heix third instar larvaes. (A) qRT-PCR analysis of JAK/STAT pathway. (B) qRT-PCR analysis of Ras/MAPK pathway. (C) qRT-PCR analysis of
Toll pathway. (D) qRT-PCR analysis of IMD pathway. Transcripts were normalized to the housekeeping gene Ef1α100E. Error bars SEM. A signiﬁcant difference is compared to
the control (t tests, *Po0.05; **Po0.01; ***Po0.001).
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similar to that caused by the loss of function of heix. Based on our
results, transcripts expression of critical components involved in the
Toll pathway (such as SPE, spz, Dif, Dl and Drs) were signiﬁcantly
elevated in heix mutants compared that of the control. Similarly, IMD
pathway, which controls the Anti-Microbial Peptide expression (AMPs)
such as Dpt (Costa et al., 2009; Kaneko and Silverman, 2005), is also
activated in heix mutant without immune challenge. All together, it is
suggested that loss of function of heix results in a disorder of multiple
immune-related pathways.
heix is a potential melanotic tumor suppressor gene
In Drosophila, hemocytes are functionally similar to thewhite blood
cells in human immune system. They are responsible for recognizing
the “non-self” tissues or pathogens and then, initiate the subsequent
encapsulating and engulﬁng process. The risks of some human
lymphoma is associated to autoimmune and chronic inﬂammatory
disorders (Smedby et al., 2006). Interestingly, UBIAD1 interacts with
TIRC7, a membrane protein involved in T-lymphocyte activation during
the auto-immune response (McGarvey et al., 2005). Studies have
shown that reduced UBIAD1 expression was found in several types of
cancers such as bladder carcinoma and prostate carcinoma (Fredericks
et al., 2013a; McGarvey et al., 2001, 2005). And proliferation of J82 cells
(bladder cancer cell lines) was inhibited by exogenous expression of
UBIAD1 (Fredericks et al., 2011), consistent with the tumor suppressor
effect of Heix.
As described before, UBIAD1/heix is a modiﬁer of pink1, which is
mutated in Parkinson's disease and affects mitochondrial function (Vos
et al., 2012). And heixmutants also show severe mitochomdrial defects
including a less negative mitochondrial membrane potential and
lower ATP levels (Vos et al., 2012). Similarly, we found mitochondria
morphological defect in lymph gland and fat body in heix mutant.
Besides supplying cellular energy, mitochondria is involved in many
other biological process such as cellular differentiation, programmed
cell death (apoptosis), antiviral responses as well as the control of the
cell cycle and cell growth (Chan, 2006; McBride et al., 2006). More-
over, it was reported recently that mitochondria is involved in a broad
range of innate immune pathways, such as NF-κB pathway and Toll
pathway, and acts as signaling platforms and masters of the innate
immune response (Goswami et al., 2013; Shi et al., 2014; Wang and
Weinman, 2013). Furthermore, UBIAD1/Heix is a prenyltransferase
with vitamin K2 synthetase activity, while vitamin K2 acts as a
mitochondrial electron carrier and can rescue mitochondria defects
in heix mutant (Vos et al., 2012). In addition, Vitamin K potently
participates in the immune system, such as helps for the blood
coagulation (Davie et al., 1991; Tao et al., 2012) as well as induction
of apoptosis and differentiation of human leukemia cells. Moreover, it
also exhibits anticancer activity in vitro and in vivo (Lamson and Plaza,
2003; Wu et al., 1993). On the other hand, we found that Heix was
detected in mitochondria in the fat body and pericardial cells but not
in that of lymph gland cells, while heix mutant tissues (including
lymph gland and fat body) exhibited mitochondrial abnormalities. It
reminds us of that UBIAD1 shown different subcellular localization in
various cell lines. It is possible that mitochondria function in lymph
gland is affected by heix non autonomously. Considering that heix
mutation could impair vitamin K2 biosynthesis in Drosophila, while
loss of vitamin K2 may in turn results in the mitochondrion defect.
Thus, although Heix subcellular location is different in various tissues,
we predict that heix may link mitochondria defects and the larval
hematopoietic phenotype by its potential activity of vitamin K2
biosynthesis.
Together with the phenotypes as well as vitamin K2 synthetase
function of heix, we speculate that heix is a potential melanotic
tumor suppressor gene and may be related to mitochondria
function execution. However, further investigation regarding the
relationship among heix, mitochondria and hematopoiesis is
required.
Conclusion
We showed that loss of function of heix resulted in pathological
changes of hematopoietic system in the Drosophila third instar
larvae. Heix protein was predominantly expressed in Srp-
expressing embryonic hemocyte progenitors on head mesoderm,
while it was highly expressed in crystal cells in the lymph gland
primary lobes in the Drosophila third instar larvae. It is clearly
shown that several pathways controlling cell growth and immune
response are abnormally activated in heix mutants. We considered
that heix is a potential melanotic tumor suppressor gene which is
involved in hemocyte proliferation and differentiation. However,
the precise mechanism of Heix function needs further investiga-
tion. Our data could provide a new insight for developmental
function of heix in hematopoiesis, including some physiological
and immunological details.
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